), oil content (37-60%), 100-seed weight (21-127 g), and protein content (19-31%). The GGE biplot technique revealed that ICGV 05155 is a stable genotype for oil yield with an average oil yield of 1886 kg ha , and oil content of 55.1%. ICGV 06049, ICGV 06041, ICGV 06420, and ICGV 03043 were other genotypes with stable oil yield. Simple regression showed significant contributions of oil content (18-54%), and kernel yield (92-99%) to oil yield across the environments. Simultaneous improvement of kernel yield and oil content is feasible in breeding programs, as kernel yield had no negative association with oil content. The high oil content genotypes, ICGV 05155, ICGV 06049, ICGV 06041, ICGV 06420, and ICGV 03043, with stable oil yield were promoted to multilocation adaptive trials required for their release for cultivation and used as parents in breeding programs and development of mapping population to identify quantitative trait loci (QTL) governing oil content.
point makes it an excellent cooking medium. Because of increasing availability of cheaper edible oils, such as palm oil, soybean oil, and others, peanut is losing its place as a major oilseed crop particularly in India. If its position as a premium oilseed crop is to be restored, its oil content needs to be increased to make it economically more competitive and profitable to farmers and oil processors vis-à-vis other edible oil-bearing crops. While in developing countries enhanced oil content is needed to meet the ever increasing demand for high-quality edible oil, in the United States, it is being targeted to produce peanut biodiesel to run farm machinery to reduce the cost of farm operations (USDA-ARS, 2008; Wright, 2012) .
Several workers have reported variability and presence of G  E interactions for oil content in cultivated peanut (Bansal et al., 1993; Barrientos-Priego et al., 2002; Isleib et al., 2008; Singkham et al., 2010) . Variability for oil content in the range of 45 to 55% was reported in the peanut minicore collection (Upadhyaya et al., 2003) and wild Arachis accessions in the ICRISAT gene bank (Upadhyaya et al., 2011) , and also in the USDA peanut germplasm repository (Wang et al., 2012) . Higher range of variability for oil content was reported in seeds of wild Arachis spp. than cultivated types (Cherry 1977; Wang et al., 2010) . Raheja et al. (1987) observed that peanut genotypes belonging to Virginia Runner, Virginia Bunch, and Spanish Bunch groups had comparable levels of oil content. In 6840 germplasm accessions, studied in small batches over years at ICRISAT Center, the oil content ranged from 32 to 55% and protein ranged from 16 to 34% (Jambunathan et al., 1985) . However, when genotypes with high oil content were systematically evaluated later in another experiment at ICRISAT, the high-oil lines were unable to maintain their high oil content. The same was true for low-oil genotypes (S.N. Nigam, ICRISAT, unpublished data, 2006) . Thus, there is a need to identify stable sources of high oil content preferably in high-yielding superior agronomic backgrounds to ensure success of the breeding program.
In this paper, we present the results obtained from studies conducted on 160 peanut genotypes comprised of advanced breeding lines from ICRISAT center and popular varieties released in India that were evaluated in a range of environments at ICRISAT center to identify stable genotypes with high oil content and high pod yield. Such genotypes could serve as parents in breeding programs aimed at improving the oil content, while some of them could be released as cultivars after evaluation trials required for varietal release.
MATERIALS AND METHODS

Genotypes and Testing Environments
One hundred and sixty peanut genotypes comprised of advanced breeding lines developed at ICRISAT and popular cultivars from India were included in the present study. The lines were selected based on their performance. The advanced lines included 113 Spanish and 47 Virginia types. The pedigree of the lines is given in Supplemental Table S1 . The growth habit of the lines is given as per the descriptors for groundnut (IBPGR-ICRISAT, 1992) . Some of the key traits of the selected lines include resistance to foliar fungal diseases; tolerance to water-deficit stress and Aspergillus flavus infection in the field; short-duration type maturing in 90 to 100 d; high-podyielding, medium-duration type maturing in 110 to 120 d; and confectionary type with low oil content and large seeds. These elite lines developed at ICRISAT are International Public Goods and are available for sharing for researchers worldwide. In the last 40 yr, 164 ICRISAT-bred groundnut varieties were released for cultivation in over 38 different countries and were used as parents in breeding programs worldwide. The experiment was conducted in six cropping environments in Alfisols (Alfisol-Patancheru Soil Series; Udic Rhodustolf ) at ICRISAT Center, Patancheru (1753 N, 7827 E, and 545 m asl), India, (three rainy-season environments referred to as R08, R09, and R10 and three postrainy season environments referred to as PR08/09, PR09/10 and PR10/11). The rainy season period starts from late part of June and ends in October, while the postrainy season refers to the peanut growing period from the late part of November to April. The rainfall and temperature in the six experimental seasons at ICRISAT are given in Table 1 . The total rainfall during the rainy season varied from 841.8 to 1090.6 mm, while during the postrainy season it was from 38.5 to 99 mm. The postrainy season crop was raised with irrigation. The experiment was laid out in an 8 by 20 -lattice design with two replications. The plot size was 4 m with four rows 30 cm apart grown on broad bed. The plant-to-plant distance within a row was 10 cm. Standard package of practices (60 kg P 2 O 5 as basal application, seed treatment with mancozeb at 2 g kg −1 of seed and imidachloprid at 2 mL kg −1 of seed, pre-emergence application of pendimethalin at 1 kg a.i. ha −1 ), irrigation soon after planting and subsequently as and when needed, gypsum at 400 kg ha −1 at the peak flowering, and protection against insect pests and diseases was followed to raise a healthy crop.
Observations Recorded and Protocols Followed
The weight of well-dried pods from each plot was converted into kilograms (kg ha −1 ) to estimate pod yield. The shelling outturn (%) was estimated from a sample of 500 g of randomly selected pods. While in the R08, PR08/09, and R09 seasons, it was estimated on the basis of a bulk sample over two replications, in the PR09/10, R10, and PR10/11 seasons, it was done per replication. Oil content (%) was estimated per replication for all the six environments using nuclear magnetic resonance (NMR) spectrometry ( Jambunathan et al., 1985) . Oil content of the samples was analyzed at the Charles Renard Analytical Laboratory at ICRISAT, Patancheru. Kernel yield was estimated by multiplying shelling outturn and pod yield per replication. Similarly, oil yield was estimated by multiplying kernel yield and oil content. Protein content (%), determined by using Technicon Autoanalyser (Singh and Jambunathan, 1980) , and 100-seed weight data were available only for three environments (PR09/10, R10, and PR10/11).
where,  is the grand mean, g i and e j are the genotype and environmental main effects, respectively, (ge) ij is the G  E effect, and Є ij is the residual error of the observations. The sites regression model (Yan and Kang, 2003) is defined as follows:
where, r = number of principal components (PCs) required to approximate the original data,  in * and  jn * are the ith genotype and the jth environmental scores for PCn, respectively and Є ij is the residual error of the observations. Stable genotypes for oil yield in the six sowing seasons were identified by GGE biplot technique as described by Yan (2001 Yan ( , 2002 .
Correlation coefficients among different traits in each environments were calculated by Karl Pearson's method using SAS PROC CORR procedure (SAS version 9.2; SAS Institute, 2008). The genotypes were ranked in each season separately for oil, pod and kernel yield, and oil content. Spearman's rank correlation coefficient between seasons was performed to check environmental effect on ranking of genotypes. Simple linear regression was also used to determine the impact of oil content and kernel yield on oil yield of the experimental genotypes for all the environments. Simple and Spearman's rank correlations and simple regressions were estimated using GenStat version 12 (VSN International, 2009 ). The broad-sense heritability over environments was calculated following Johnson et al. (1955) .
Statistical Analysis
Data for each trait were analyzed for analysis of variance (ANOVA) in each environment (either six or three environments depending on the trait) before subjecting them to Bartlett Chi-square test for testing them for homogeneity of variance. The coefficient of variation for each environment was estimated from the RMSE obtained from ANOVA divided by the mean ( 100%). Since heterogeneity among the environmental variances was confirmed for all traits, data were transformed by applying Aitken's transformation, and pooled analysis was performed. Normality test, single-location, and combined ANOVA were performed by SAS PROC GLM (SAS version 9.2; SAS Institute, 2008) considering replications, blocks, and genotypes as fixed. Contrast analysis was done to compare rainy season (R08, R09, and R10) vs. postrainy season (PR08/09, PR09/10, and PR10/11) data.
Since G  E interaction effect was significant, GGE Biplot (Yan and Tinker, 2006) was drawn to study the performance of genotypes for oil yield based on mean value and stability. A GGE biplot graphically depicts the genotype main effect (G) and the G  E effect contained in the multienvironment trials. GGE biplots have been found very useful in understanding G  E and genotype recommendation.
The fixed-effect, two-way model for analyzing multienvironments genotype trials is as follows: 
RESULTS AND DISCUSSION
Range of Variability and Heritability of Traits
The range, mean, coefficient of variation, and heritability of various traits under study for each environment and over environments are given in , and oil content between 41 and 57%. The mean shelling outturn of genotypes over three environments ranged between 62 and 76%, 100-seed weight between 30 and 92 g, and protein content between 23 and 28%. Wide variability was observed for all the productivity traits in the study population.
The minimum and maximum temperature in postrainy season were 11 to 24 and 27 to 40C, respectively. While in the rainy season, the minimum and maximum temperatures were 19 to 25 and 30 to 36C, respectively. The total rainfall received in rainy seasons varied between 862 and 1091 mm, sufficient to conduct the trials under rainfed conditions. On the contrary, the postrainy season's crop was raised completely on irrigation except for skipping one or two irrigations when rains were received. Higher values were recorded for all the yield traits studied in postrainy seasons than rainy seasons. The maximum and minimum temperatures are favorable in both, rainy and postrainy seasons for growth and development of groundnut crop; however, the regular moisture available through irrigations in postrainy seasons may have contributed to better accumulation and translocation of photosynthates, resulting in higher pod yield in postrainy seasons. The average pod and kernel yields in postrainy seasons were 54 and 70% higher, respectively, than in rainy seasons. The average 100-seed weight in postrainy seasons was higher by 65% than rainy seasons, implying its significant contribution to increased pod and kernel yield in postrainy seasons. Earlier studies have shown that improvement in seed size, seed weight, and number of pods per plant has largely contributed to enhanced pod yield (Rathnakumar et al., 2012) . The oil yield was also higher in postrainy seasons by 72% than rainy seasons; both kernel yield and oil content determine oil yield; however, the seasonal difference in oil yield may largely be attributed to kernel yield differences, as the mean oil content between the seasons showed only a small variation of 2%.
High broad-sense heritabilities varying between 0.7 and 0.9 were recorded for pod, kernel, and oil yield in all the six tested environments. Heritability was also high for oil content (>0.9) in all the six environments, suggesting 100-seed weight, and protein content were also higher in the postrainy season (Table 3B ). ), were the top five in postrainy seasons. ICGV 04093, the best pod yielder of rainy and postrainy seasons, recorded 38% higher pod yield in postrainy than rainy seasons. For oil content, ICGV 06420, ICGV 06321, ICGV 06138, ICGV 05155, and GPBD 4 were among the best five in rainy seasons (54-56%), and ICGV 06420, ICGV 07023, ICGV 07249, ICGV 06038, and ICGV 06149 were best (55-57%) in postrainy seasons. ICGV 06420 recorded the highest average oil yield in both rainy (56%) and postrainy (57%) seasons. During postrainy seasons, of the five best oil yielders, ICGV 07014, ICGV 02411, and ICGV 07016 were also the best kernel yielders and ICGV 06038 is one of the five best for oil content, indicating possible contributions of kernel yield and oil content to oil yield. In rainy seasons, ICGV 05155 is one of the five best oil yielding and it was also among the best five for oil content and kernel yield. Thus, enhanced possible genetic gains through selection for this trait. Shelling outturn recorded low heritability of 0.3 to 0.5 in the study population, while it was high for 100-seed weight (0.9) and protein content (0.7) in the three environments of testing. Savaliya et al. (2009) also observed high heritability for pod yield, 100-seed weight, and shelling outturn. In contrast to observed high heritability for oil content in the present study, earlier studies reported low (Chiow and Wynne, 1983 ) and medium (Azharudheen et al., 2013) heritability. For protein content, high heritability was also reported earlier (Azharudheen et al., 2013) . High heritability for kernel yield and oil content in this population suggests possible genetic gains for oil yield through selection for kernel yield and oil content. However, poor heritability for shelling outturn, an important component trait for kernel yield, may limit the progress in selection. Robust phenotyping and genotyping tools to select for high shelling outturn in segregating populations may result in enhanced genetic gains for shelling outturn and consequently enhanced oil yield.
Best Genotypes in Rainy and Postrainy Environments
Combined Analysis of Variance
The results of combined ANOVA for all recorded traits are presented in Table 3 . Genotypes and environments showed significant differences for all the traits included in the study. Genotype  environment interaction, although of smaller magnitude, was also highly significant for all the traits. Environment was the largest contributor to the total variation in all the cases. The rainy season vs. postrainy season contrast for pod yield, kernel yield, oil yield, and oil content showed highly significant differences. In the postrainy season, pod yield was higher by 54.4%, kernel yield by 70.1%, oil yield by 72.4%, and oil content by 2.0% over the rainy season (Table 3A) . Absence of moisture stress, low pressure of diseases and insect pests, and bright sunshine in the postrainy season ensures overall better performance by the crop. Shelling outturn, Table 3 . Combined analysis of variance for traits included in the study of 160 groundnut genotypes evaluated at ICRISAT Center, Patancheru, over six seasons. ); HSW, 100-seed weight (g); SO, shelling outturn (%); PC, protein content (%). ‡ Rainy seasons, R08, R09, and R10 and postrainy seasons, PR08/09, PR09/10, and PR10/11 § Rainy season, R10, and postrainy season PR9/10 and PR10/11. * & ** Significant at P = 0.05, 0.01, respectively. ¶ ns, not significant.
Source of variation df
oil yield per unit area is possible through increase in both kernel yield and oil content. ICGV 05097 is the highest pod yielding genotype; however, it is not high oil yielding, suggesting significant contribution of oil content to oil yield besides pod yield and that enhancing oil content is important to obtain genetic gain for oil yield.
High Yielding and Stable Genotypes across Environments
Stability of genotypes for oil yield across six seasons was identified by the GGE biplot technique evaluated by average environment coordinate (AEC) method (Yan 2001 (Yan , 2002 . For this, environment centered (centering = 2), genotype-metric (single-value partitioning = 1) biplot for oil yield is presented in Fig. 1 . In the GGE biplot figure, the horizontal line with a single arrow head is the AEC abscissa. The AEC abscissa passes through the biplot origin and marker for average environment and points toward higher mean values. The average environment has average PC1 and PC2, the first and second principal components scores over all the environments ( The top 10 stable genotypes for oil, pod, and kernel yield and oil content across six seasons are given in Table 4 . The genotype ICGV 05155 is stable across the six seasons for oil, pod and kernel yield, and oil content. It also was highest (among 160 genotypes tested in the present study) for average oil yield (1886 kg ha High yielding and stable groundnut genotypes for oil yield . The oil content of ICGV 03043 ranged between 50.1 and 56.5% over the seasons with an average value of 53.7%.
ICGV 05155, ICGV 06049, ICGV 06041, ICGV 06420, and ICGV 03043 are stable genotypes for oil yield with superior performance that can be promoted for cultivation after conducting adaptive trials and can also be used as parents in breeding programs. The genotypes ICGV 06420, ICGV 06138, ICGV 05155, and ICGV 04060 are stable for oil content across the six season, have high average oil content (54.7-56.65%), and can be used as potential donor for high oil content in breeding programs and to derive mapping populations to identify QTLs for high oil content. On the other hand, TMV 2 was a stable genotype for oil, pod, and kernel yield but was the poorest yielder with an average pod yield of 1965 kg ha 
Trait Association
Correlations between the traits were analyzed over six environments (Table 5A , 5B); pod yield was significantly positively correlated with kernel yield (0.93 to 0.98) and oil yield (0.90 to 0.97) (Table 5A ). Meta and Monpara (2010) observed positive association of pod yield with oil content, while Chiow and Wynne (1983) reported negative association between them. Oil yield had significant positive correlation with oil content (0.43 to 0.74) and kernel yield (0.96 to 1.00), although the correlations were highest with kernel yield. Moreover, pod yield has no negative association with oil content, indicating that both can be improved simultaneously to realize high oil yield per unit area. Significant negative correlation was observed between oil content and 100-seed weight (−0.17 to −0.48) over three environments (Table 5B ). The general observation in our breeding program is in agreement with this where the oil content is low in large seeded genotypes that were specifically bred for confectionary purposes. On the contrary, in an earlier study conducted on ungraded seed samples of 64 peanut genotypes, no significant association between oil content and seed mass was observed and positive association between the kernel oil content and seed mass was observed when graded samples of 33 genotypes were studied alone (Dwivedi et al., 1990) . Prathiba and Reddy (1994) also did not observe an association of seed mass with oil content. Negative association of oil and protein content was observed in the present study, which is similar to the observation made earlier by Dwivedi et al. (1990) . Oil (48-50%), crude protein (21-28%), and carbohydrates (9.5-19%), which include both soluble and insoluble fractions ( Jambunathan, 1991; Yaw et al., 2008) , are the major constituents of peanut seed, and an increase in any one component is expected to result in decrease of one or more of the other components.
Factors Affecting Oil Yield
A simple regression analysis was performed to quantify the contribution of the factors affecting the oil yield. The percentage variance accounted by oil content to oil yield ranged from 18 to 54%, while the kernel yield accounted for very high percentage, ranging between 92 and 99%. The results imply that oil content and kernel yield, the two major components contributing positively to oil yield, can be targeted for improvement of oil yield per unit area. Moreover, the association between oil content and kernel yield is positive and hence it can be expected that simultaneous improvement of both the components would result in enhanced genetic gains for oil yield. Previous peanut improvement programs could target increase in oil yield only through increased pod yield, and oil content could not be targeted, in part, because of difficulties or inadequate facilities for phenotyping oil content. Oil content is estimated by Soxhlet method, a gravimetric approach that involves laborious process of estimation of solvent extracted oil from a given quantity of ground sample. With the availability of robust tools such as NMR ( Jambunathan et al., 1985) and near-infrared reflectance spectroscopy (NIRS) (Misra et al., 2000) , it has now become feasible to phenotype a large number of samples for oil content in a short time. A high correlation (r = 0.97) between the estimates of Soxhlet and NMR methods was reported by Jambunathan et al. (1985) . For NMR, oven-dried samples are used to determine oil content. Both NMR and NIRS facilitate nondestructive methods of estimation, which becomes crucial in breeding programs. Single, intact kernel (Fox and Cruickshank, 2005) ; bulk kernel; or pod (Sundaram et al., 2010) can be used for estimating oil content by NIRS. ** Significant at the 0.01 probability level. † Rainy seasons, R08, R09, and R10; Postrainy seasons, PR08/09, PR09/10, and PR10/11. ‡ ns, not significant.
